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SUMMARY

Previous studies by the authors and their co-workers show that the structure of equations representing shape
Memory Alloy (SMA) constitutive behaviour can be very similar to those of rate-independent plasticity
models. For example, the Boyd—Lagoudas polynomial hardening model has a stress-elastic strain constitu-
tive relation that includes the transformation strain as an internal state variable, a transformation function
determining the onset of phase transformation, and an evolution equation for the transformation strain. Such
a structure allows techniques used in rate-independent elastoplastic behaviour to be directly applicable to
SMAs. In this paper, a comprehensive study on the numerical implementation of SMA thermomechanical
constitutive response using return mapping (elastic predictor-transformation corrector) algorithms is presented.
The closest point projection return mapping algorithm which is an implicit scheme is given special attention
together with the convex cutting plane return mapping algorithm, an explicit scheme already presented in an
earlier work. The closest point algorithm involves relatively large number of tensorial operations than the
cutting plane algorithm besides the evaluation of the gradient of the transformation tensor in the flow rule and
the inversion of the algorithmic tangent tensor. A unified thermomechanical constitutive model, which does
not take into account reorientation of martensitic variants but unifies several of the existing SMA constitutive
models, is used for implementation. Remarks on numerical accuracy of both algorithms are given, and it is
concluded that both algorithms are applicable for this class of SMA constitutive models and preference can
only be given based on the computational cost. Copyright © 2000 John Wiley & Sons, Ltd.

KEY WORDS: computational mechanics; return mapping algorithms; shape memory alloy (SMA); thermomechanical
constitutive modelling; inelasticity

1. INTRODUCTION

Shape memory alloys (SMAs) are materials capable of changing their crystallographic structure due
to changes of temperature and/or stress. These changes are referred to as martensitic phase transfor-
mations, i.e. transformation from a high symmetry austenitic phase to a low symmetry martensitic
phase and vice versa [1]. These diffusionless phase transformations result in rate-independent but
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fully coupled highly non-linear thermomechanical material response’ with loading history depen-
dence. This loading history dependence requires the introduction of internal state variables like
the martensitic volume fraction, transformation strain, back and drag stresses due to transformation
and in some cases even back and drag stresses due to transformation-induced plasticity [2]. The
thermomechanical coupling is dominant in the material response even at low deformation rates and
temperatures [3]. Due to these properties, SMAs exhibit the following macroscopic phenomena not
present in traditional materials [1, 4]:

1. Pseudoelasticity: SMA is loaded above austenitic finish temperature, 4°7, to full transformation
to the detwinned martensitic state and then unloaded fully transforming back to the austenitic
state, while recovering all the transformation strain exhibiting hysteresis.

2. Shape memory effect (SME): SMA is loaded below austenitic start temperature, 4°%, while
still in the austenitic phase to full transformation to the detwinned martensitic state and then
unloaded fully retaining the transformation strain.

These inherent and/or induced characteristics of SMAs have given rise to their usage in a wide
array of applications ranging from orthodontic wires [5] to actuators in robotic systems and self-
expanding microstructures [6]. In a review paper, Birman [7] cited many studies on SMA devices
used in industries which include mechanical, electronic and automotive engineering, aerospace
industry, sensors, domestic appliances, and medicine. Most of this earlier work in the literature is
based on the applications of SMA structural elements that are 1-D, such as wires, rods and beams.
Only recently the potential of SMAs as load-bearing structural elements and actuators have been
studied in the context of 3-D structures, e.g. as torque tube actuators in (smart) aircraft wings [8],
active metal matrix laminates in helicopter blades [9], and actuation devices for hypersilent naval
submersible [10].

These applications and the reason that even simple uniaxial loading results in a non-trivial
3-D response from SMA-based composites [11-13] demand the development of numerical tools
to support the design process of SMA devices for use in load-bearing 3-D structures. Finite Element
Method (FEM) is primarily used for the design and analysis of such structures and it requires the
numerical implementation of the SMA constitutive model in 3-D. However, until now there was a
lack of 3-D design tools due to the unavailibility of an effective 3-D SMA constitutive model based
on experimental results. This is especially true when the material response is shown experimentally
to be dependent on the type of deformation, i.e. tension, compression, shear [14, 15]. Only recently
experiments are being conducted on SMA torque tubes under a variety of proportional and non-
proportional loading paths in a combination of torsion, radial and axial deformation modes [16].
With the advent of such experimental results, it has become even more important to be able
to accurately implement the 3-D SMA constitutive models using robust numerical algorithms. In
literature there are several models based on 1-D experimental results that are already described
or can be generalized to 3-D, e.g. the exponential model [17, 18], the cosine model [19], the
polynomial model [20], the modified cosine model [21], the unified thermomechanical model [12],

TThe strong thermomechanical coupling results in an apparent strain dependence of the work hardening behaviour during
stress-induced phase transformation. However, this dependence is more an artifact of the prevalent thermal boundary
conditions and the latent heat produced during phase transformation than an inherent material property. For example, if
arrangements were made to perform austenite to martensite phase transformation of a test specimen isothermally by rapidly
removing the latent heat generated regardless of the strain rate involved, then similar stress—strain material response would
be obtained for all strain rates. The rate-independent model can account for this apparent rate dependence by taking into
account the latent heat term in the heat equation, effectively coupling stress and temperature
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etc. Since the constitutive modelling of SMAs is not the topic of interest here, the reader is referred
to Fischer et al. [22] and Birman [7] for a thorough study of the many different approaches taken
prior to 1996 from phenomenological 1-D models and their 3-D generalizations to thermodynamic-
framework-based-models. For the purpose of implementation, the unified thermomechanical model
is chosen here because it unifies all of the aforementioned SMA constitutive models under a
consistent thermodynamic framework. It is important to note that the unified model does not take
into account reorientation of martensitic variants during phase transformation.

In one of the early numerical implementations of an SMA constitutive model, Brinson and
Lammering [21] studied the finite element analysis of the behaviour of shape memory alloys and
their applications using 1-D truss elements. Newton’s method was applied on both the weak form
of momentum balance and the SMA constitutive law, and thus, replaced the materially and geo-
metrically non-linear problem into a sequence of linear problems solved numerically. In another
study, Trochu and Qian [23] performed a numerical simulation of pseudoelasticity using geomet-
rically non-linear finite elements. A series of papers on isothermal SMA constitutive modelling
and generally 1-D numerical simulations are presented by Auricchio and co-workers. Various 1-D
simulations like uniaxial loading, four- and three-point bending tests are presented and compared
with available experimental data [24]. A return-mapping (closest point projection) algorithm based
on the backward Euler time discretization of the constitutive relations is implemented. Used in
later works is the same return-mapping procedure based on two trial stresses [25, 26]. The second
trial stress is used to distinguish the elastic state at the end of the phase transformation. This
will be explained further in the section on the implementation of the algorithms in Appendix I.
Panahandeh and Kasper [27] presented a general formulation for coupled thermomechanical simula-
tion of shape memory alloys in the context of finite element method. They proposed a SMA consti-
tutive model composed of a set of non-linear algebraic equations that did not require integration of
a rate type evolution equation. They employed the isothermal fractional-step (staggered) method
to additively decompose the coupled thermomechanical problem into a thermal and mechanical
problem. Each problem is then cast into its weak form and discretized in space using the finite
element method. The resultant set of algebraic equations is solved globally using a Newton—
Raphson iteration scheme. Numerical simulations are performed in the context of truss finite ele-
ment and its extension to multiple dimensions are shown. Govindjee and Kasper [28] numerically
simulated a 1-D SMA constitutive model of Uranium—Niobium alloy accounting for plastic strains
using the radial return mapping algorithm, which is a special case of the closest point projection
algorithm.

Most of the studies concentrate on 1-D computational implementation of the SMA constitutive
models. With regard to 3-D implementation, Reisner et al. [29] used a return mapping (convex
cutting plane) algorithm based on the forward Euler (explicit) time discretization of the constitutive
relations. A series of papers on the 3-D numerical implementation of SMA constitutive models is
given by Lagoudas and co-workers. During their study of the micromechanics of active composites
with SMA fibres, a SMA constitutive model was implemented using the forward Euler integration
scheme [11]. In 1996, Lagoudas et al. presented and implemented the 3-D unified thermodynamic
constitutive model based on the work of Boyd and Lagoudas [20] and they analysed the response
of an active metal matrix composite with different geometric arrangements of embedded SMA
fibres using the finite element method. The explicit time discretization of the transformation strain
flow rule is carried out using the convex cutting plane return mapping algorithm proposed by Simo
amd Ortiz [30]. Lagoudas et al. [13] further modelled the thermomechanical response of general
active laminates with SMA strips using the layerwise finite element method based on the same
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time-integration algorithm. A series of studies based on the 3-D fully coupled temperature-
displacement analysis of the transformation of embedded shape memory alloy wires and ribbons
was carried out by Sottos et al. [31] and Jonnalagadda et al [32, 33]. They employed the com-
mercially available FE software ABAQUS which solves the field equations associated with the
mechanical and the heat conduction problems simultaneously using implicit integration for uncon-
ditional convergence. In a more recent series of papers, Bo and Lagoudas [2] proposed an extensive
3-D thermomechanical model based on micromechanics, where they also simulated, predicted and
compared the cyclic behaviour, TWME, minor loops and material identification of 1-D SMA wires
with the experiments.

It is emphasized by Moss [34] that return mapping algorithms are strain driven making them
directly adaptable to displacement based finite element method (FEM). The idea of using return
mapping algorithms is typical for integrating the SMA thermomechanical constitutive response.
As mentioned earlier and to be shown later for the unified SMA constitutive model, rate inde-
pendence and loading history dependence allow the thermomechanical constitutive behaviour to
be possibly defined by a stress-elastic strain state relation that includes the transformation strain
as an internal state variable, a differential evolution equation for the transformation strain and a
transformation function to determine the onset of phase transformation [2, 12]. This structure im-
plies that any proven numerical algorithm designed to integrate the rate-independent elastoplastic
constitutive behaviour can be used to integrate the SMA thermomechanical elastic-transformation
model.

Return mapping algorithms have been studied extensively over the years in the context of
elastoplasticity for the integration of constitutive relations. They are also called elastic predictor-
plastic corrector algorithms where a purely (thermo) elastic trial state is followed by a plastic
(in this study transformation) corrector phase (return mapping). The purpose of the corrector part
is to enforce continuity (iteratively) in a manner consistent with the prescribed flow rule. Return
mapping algorithms may differ on the basis of the kind of discretization employed to numerically
integrate the evolution equations and the (iterative) numerical procedure adopted to solve the
resultant set of non-linear algebraic equations in the corrector part. Some of the return mapping
algorithms proposed in the literature are the famous radial return (backward Euler based) algorithm
[35] and the mean normal (mid-point rule based) algorithm [36]. A detailed review of the historical
developments of the return mapping algorithms can be found in [37].

It is pointed out by Ortiz and Popov [38] that most of the return mapping algorithms employ
integration rules that are particular cases of the trapezoidal and midpoint rules, suitably generalized
to facilitate satisfaction of the plastic consistency condition. The stability of these integration
algorithms for inelasticity is addressed by Argyris et al [39] and Simo and Govindjee [40]. The
following pertinent conclusions can be made from the two studies: forward marching strategies
severely restricts the choice of time steps because of stability conditions; backward integration
strategies improve the stability of the incremental solution; additional accuracy is obtained by
midpoint integration technique and by higher order approximation of the inelastic flow rule (e.g.
multistep Runge—Kutta methods).

The two integration algorithms implemented in this work are the closest point projection algo-
rithm [41] and convex cutting plane algorithm [30, 42]. Both algorithms rely on the strain-driven
nature of the problem in the sense that state variables are computed for a given deformation his-
tory. The difference arises in the corrector (or relaxation) part of the problem. The application of
the closest point projection algorithm results in a set of non-linear algebraic equations solved using
Newton’s iteration method. The closest point algorithm is unconditionally stable provided the yield
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surface is convex, and it is first-order accurate [41].F On the other hand, the convex cutting plane
method is based on the explicit integration of the differential equations and its advantage lies in
its simplicity and less computations.

At this point, the outline of the paper is given as follows. In Section 2, the unified SMA
thermomechanical constitutive model, which does not take into account reorientation of martensitic
variants, is briefly discussed and the derivation of the continuum tangent moduli tensors, which are
required for use in the FEM if the convex cutting plane algorithm is implemented, is given. The
general return mapping algorithm is explained in the context of SMAs in Section 3 followed by
the incremental derivation of the two algorithms. Benchmark cases, like isothermal pseudoelasticity
and constant stress thermally induced phase transformation, are analysed using FEM to study the
convergence characteristics of the algorithms for the unified SMA model and results are given in
Section 4. In the same section, the numerical accuracy of the algorithms is studied by simulating
SMA torque tube boundary value problems under varying strain increment sizes, and a simple
error estimation based on the finite element solution is provided. At the end, SMA torque tubes
are simulated under different loading paths in stress space to study the path dependence of the
material response. In Appendix I, the loading/unloading conditions in stress space and the issue of
the martensitic volume fraction becoming greater than one or less than zero during transformation
correction are discussed, and the derivation of the consistent tangent moduli tensors® for the closest
point projection algorithm is given.

2. SMA CONSTITUTIVE MODEL

For study purposes, the unified SMA constitutive model proposed by Lagoudas et al. [12] based on
the thermodynamic framework of Boyd and Lagoudas [20] is chosen. The advantage of using this
model is that a broad class of SMA constitutive models can be formulated under its framework;
therefore, the present results are applicable for all of them. A brief overview of the model is given
here and the reader is referred to the aforementioned works for a detailed study.

The total Gibbs free energy, G, of a polycrystalline SMA, assuming linear thermoelastic response
and non-linear transformation-hardening behaviour, is given by

11 1
G(G,T,i,a’)::—zzc :S:0— ;o- ([T — Ty) + €]

+c [(T—To)—Tln (Tl)] — 5T +up+ (&) (1)
0

where 6,¢',¢, T and Ty are the Cauchy stress tensor, transformation strain tensor, martensitic vol-
ume fraction, temperature and reference temperature, respectively. The material constants S, e, p, c,
so and ug are the effective compliance tensor, effective thermal expansion coefficient tensor, den-
sity, effective specific heat, effective specific entropy at the reference state, and effective specific
internal energy at the reference state, respectively. All the above effective material properties are

¥First-order accuracy or consistency is defined as the condition that the numerically integrated variables agree with their
exact values to within second-order terms in the step size, At
§The concept of consistent tangent moduli tensors is introduced by Simo and Taylor [43]
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defined in terms of the internal state variable, &, by the rule of mixtures as
S:=8 4+ ESM -5*), a:=at+ M)
ci=cMFEM =), soi=sh A+ SN 50 ug = uly + E(ud — ul).

(2)

The function, (&), in equation (1) accounts for transformation hardening due to phase interaction.
The Gibbs free energy is related to the internal energy, u, by the following Legendre transfor-
mation:

1
u(o‘,s,f,s’):G—i—Ts—k;G:s 3)

where € is the total strain tensor. Following the formalism of Truesdell and Noll [44], G and u
are substituted in the first and second law of thermodynamics to derive thermodynamic constraints
on state of the system resulting in the following constitutive relations:

e=—p0sG=8:6+a(T —Ty) + ¢ %)
s:—GTG:lG:a—l—cln(Z)—l—so (5)
p Ty

Moreover, the local dissipation rate is given by
6:¢ — pd:GE=0. (6)

To simplify the analysis for the case of phase transformation without reorientation, it is assumed
that any change in the current state of the system is only possible by a change in the marten-
sitic volume fraction and that any other internal state variable evolves with it [2]. Based on this
assumption, the following relation is introduced to relate the evolution of transformation strain
tensor to the evolution of the martensitic volume fraction:

d=A¢ (7)

where A is the transformation tensor which determines the transformation strain (flow) direction
and is assumed to have the following form:

3HE, ¢>0
A::{2 A (8)

t—r

where H is the maximum uniaxial transformation strain, €~ is the transformation strain at the
reversal of phase transformation, and

i=\[1e]. o =o— Lo, F=\/2e ], ©)

where || - |>=(-:) is the inner product of the enclosed quantity. It is important to note here that
the transformation strain rate, &', is only a part of the total inelastic strain rate, £".
Using equation (7), the total dissipation rate can be rewritten as

(6:A — pd:G)é=né=0 (10)
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where 7 is the thermodynamic force conjugate to &, which is obtained after substitution from
equation (1) as

7'E=0‘1A-|—%GZASZG-FACIIO‘(T—T())-‘F,DAC {(T—TO)—T ln<T1)]
0

0
—|—pAS0T—a—J;—pAuO (11)
The terms that are defined with the prefix A in equation (11) indicate the difference of a quantity
between the martensitic and austenitic phases, and they are given by

AS=8M -84 Ag=aM—a?, Ac=M-_c"

(12)
Aso=s) — s, Auo=ul' — ufy
The transformation function is defined in terms of the thermodynamic force, 7, as follows:
J— * >
@:{“ r, >0 (13)
—t—Y* ¢<0

where Y* is the measure of internal dissipation due to phase transformation. Constraints on the
evolution of the martensitic volume fraction, derived from a maximum transformation dissipation
principle similar to the maximum plastic dissipation principle, are expressed in terms of the Kuhn—
Tucker inequalities as

(=0, ®(e,T,¢)<0, PE=0

. . (14)
¢<0, ®(0,7,{)<0, ®L=0

Here, ®(o, T, &) signifies the transformation function that defines the elastic domain. The inequality
constraints on ®(o,7,¢) may also be called as the transformation (consistency) condition and
viewed as a constraint on the state variables’ admissibility. Along any loading path, all the relations
should hold simultaneously. For ® <0, equation (14) requires ¢=0 and elastic response is obtained.
On the other hand, the forward-phase transformation (austenite to martensite) is characterized by
®=0 and ¢>0, while the reverse-phase transformation (martensite to austenite) is characterized
by ®=0 and ¢<0.

The transformation function is plotted for ¢ =0 and £ =1 in Figures 1 and 2 in stress-temperature
space, and in Figures 3(a) and 3(b) in stress space only, for both forward and reverse transforma-
tions at the austenitic finish temperature. In Figures 2 and 3(b), the orientation of the transformation
function in the reverse direction is defined by the transformation tensor, A, which is history de-
pendent in the sense that it is defined by the previous forward transformation. In the present case,
it is defined by the transformation strain tensor at the end of the full forward-phase transformation
under isothermal uniaxial loading conditions (see (8)). It can be seen from Figures 1 and 2 that
the transformation function represents a transformation surface for a given set of internal state
variables and the two surfaces for £=0 and £=1 in each figure are the upper and lower bound of
transformation surfaces. Any stress state not on or between these transformation surfaces is elastic.
For example, if SMA is loaded isothermally in the austenitic state ({=0), it behaves elastically,
then transforms fully into martensite ({=1) and then again exhibits elastic behaviour. Also notice
in Figures 1 and 3(a) that this model assumes symmetry (von-Mises type) between the tensile
and compressive behaviours for forward transformation. However, recent experimental results show
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BO0°  B00

Figure 1. Plot of transformation function in o1;—02,—T space for forward transformation given the SMA material properties
in Table T at 4°F

Figure 2. Plot of transformation function in ¢11—02,—T space for reverse transformation given the SMA material properties
in Table I at 4°f

asymmetry between the two behaviours. This effect can also be conveniently captured in this model
by the introduction of either a first stress-invariant or a third deviatoric stress invariant term, either
directly into the Gibbs free energy expression (equation (1)) or into the transformation function
(equation (13)) as done by Gillet ez al [45].

The hardening function, f(&), is responsible for the transformation-induced strain hardening in
the SMA material and is given by

IpME + (1 + m)é, >0
(&)= . (15)
3PbAE + (1 — m)é,  E<0

where pbM, pb™, iy and , are transformation strain hardening material constants. The above choice
of quadratic dependence of the Gibbs free energy, G, on the martensitic volume fraction, &, can be
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Figure 3. Plot of transformation function in ¢1—a3; space for: (a) forward transformation; (b) reverse transformation given

the SMA material properties in Table I at 4°F

replaced by trigonometric [19, 21], logarithmic [17], or any other function to accommodate other

constitutive models.
The normality of the total inelastic strain rate can be shown by the following derivation. Starting

with the expression for the total strain rate using chain rule

(0,7, &) =058 : 6 + Opel + 0:6¢ (16)

the total inelastic strain rate can be defined in terms of the change of total strain with respect to
the martensitic volume fraction, i.e.

¢ = 0:8é (17)

The right-hand side in the above expression is obtained by taking the partial derivative of the
strain—stress constitutive relation (equation (4)) with respect to &, i.e.

" =[AS:6 + Aa(T — Tp) + d:€'1¢ (18)
The first two terms in the above equation are the contribution to the inelastic strain rate from the
change of material properties with respect to the martensitic volume fraction. Using the transfor-
mation strain flow rule to define the last term in equation (18) results in

§"=[AS:6 + Aa(T — Ty) + A)¢ (19)
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However, it can be easily shown by substituting equation (11) into equation (13) and taking its
derivative with respect to the stress tensor, ¢, that

55@—{ AS:0+ Aa(T — Ty) + A, §.>0 (20)
—AS:0—Au(T —Tp) — A, ¢<0
and, therefore,
4 0s®, &> 0
L @)
—£0s®, ¢<0

Equation (21) shows the flow rule for the inelastic strain evolution to be associative in the essence
of J? plasticity. It is noticed that ¢ acts like a transformation parameter in analogy to the plastic
parameter in associative plasticity. The above equation also implies that the transformation strain
rate does not follow the normality rule due to the change in material properties with transforma-
tion.

2.1. Continuum tangent moduli tensors

In an incremental displacement-based finite element analysis, the increment of the stress tensor
is obtained through the implementation of the incremental SMA constitutive model for given
increments of strain and temperature. The SMA constitutive model can be written in an incremental
form as follows:

do=%:de+0© dT (22)

where % is the tangent stiffness tensor and @ is the tangent thermal moduli tensor. These two
tensors are needed for the execution of the global finite element analysis (FEA).

In order to derive ¥ and @, the constitutive relation in equation (4) is written in differential
form and the transformation strain flow rule (equation (7)) is substituted to get

do=8"":{de — adT — [AS:6 + Aa(T — Tp) + A]d¢} (23)

Using equation (20), the above equation reduces to

_ 0s®, E>0
de=8"": (de—adT —d ¢® ¢ 24
° (8 > 5{50@, 5<0> -

On the other hand, the differentiation of the transformation function (consistency condition) results
in

d®=0,®:de + 07 PdT + 0:2dE=0 (25)

For forward transformation (¢>0), an expression for the differential of the martensitic volume
fraction, d¢&, is obtained by substituting de from equation (24a) into equation (25), i.e.
_ 0sP: S ide+ (0rP — 0P : S 1a)dT

dé = 0P :S81:0:® — 0:P (26)
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Now equation (26) can be used to eliminate d¢ in equation (24a) and obtain the relationship
between the stress, strain and temperature increments as

S71:0,2® 87" :0,P
— -1 _ 4 ¢ .
dc_ |:8 60@281286@65@] d
-1, |4 0s®:S o — 07 ®
'ﬁs'{%¢<%¢ﬁl:&®—&¢ —o|dr 27)

The tangent stiffness tensor, .#, and tangent thermal moduli tensor, ®, are then given, after some
simplifications of equation (27) by

=S"1T-A®A (28)
00— 1% (29)
a

where

a:= \/6(,(1):8—1 106D — 0:D

- S 10,0 8710,® (30)
o \/6‘,@:8—1:06‘1)—65(1)_ a

Following the same methodology for the reverse-phase transformation, i.e. substituting equation
(24b) into equation (25) gives
06®:S1:ide 4+ (0r® — 0P : S ra)dT

de= 06811050 + 0:P (3D

Using equations (24b) and (31), the differential of stress can be obtained in terms of dg and dT
in a similar way as described for the forward transformation, and ¥ and ® are then given by

=5S"-B®B (32)
o
@:—gza—aTTB (33)

where

b:= \/66®:S*1 10D + 0P

S 1:0,P S 1:0,P (34)

B.= =
V0se®:81:0,P + 0:® b

3. RETURN MAPPING ALGORITHMS
For the system of algebraic and ordinary differential equations (ODEs) given by equations (4) and
(7), and constrained by equation (14), it is assumed that the strain and temperature history &(¢)
and T(¢) is known for ¢ € [0,7], as well as the initial conditions for & and ¢ at =0. Then the
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evolution equations for the transformation strain are discretized using the generalized trapezoidal
rule as

Slt’l-‘rl :Szta + (§n+1 - én)[(l - ﬂ)An + ﬁAn-&-l] (35)

where f§ ranges from [0,1] and subscript n indicates function evaluations at time #, (similarly
for n 4 1), assuming time increment A¢=¢,,; — t,. For different values of f, various difference
operators can be obtained. In the present formulation, two such values are chosen which together
demonstrate all the characteristics of this family of integration rules. In particular, for =1 the
implicit (backward) Euler integration rule is obtained. This implicit algorithm is implemented for
the set of equations and Kuhn-Tucker conditions given by equations (4), (7) and (14) in Section
3.2, while in Section 3.3 the explicit (forward) Euler integration rule (f =0) is implemented. Both
integration methods result in a set of non-linear algebraic equations whose implicit nature require
multiple iterations to obtain a solution.

The return mapping algorithm divides the problem posed by this set of non-linear algebraic
equations in an additive split in such a way that requires iterations only for the second part
containing the transformation behaviour.

3.1. A general view of thermoelastic prediction-transformation correction return mapping
The general thermoelastic-transformation problem of evolution (equations (4), (7) and (14)) can
be split into two problems using an additive split as shown below

1. A thermoelastic predictor problem that is described by assuming that the increment of the
transformation strain is zero

£E=¢(1)
T=T(1) (36)
&=0

2. The transformation corrector problem that restores consistency if the predicted thermoelastic
state is outside the transformation surface (®>0) given by

0
0 (37)

é
T
& = Aé

with initial conditions provided by the solution of the elastic predictor problem, and the increment
¢ is to be found by satisfying the transformation consistency condition.

Before discretizing the transformation correction problem in equation (37) according to a par-
ticular integration rule, a brief derivation is performed here on how this correction takes place
regardless of the chosen integration procedure. The details of the numerical integration in the cor-
rection phase for two algorithms will follow in successive sections. Recalling that the history of
the total strain tensor, &(¢), and temperature, 7(¢), are given, the transformation function during
correction will be varying only with respect to changes in ¢ and &. Since dg and dT are zero
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during transformation correction, equation (24) results in
do _ {—3—1;66@, &>0
d¢ S71:0s®, &<0
Note that the evolution of stress state towards the transformation surface starts at the trial thermo-
elastic state and follows the steepest descent path with respect to the transformation surface, @,
defined in the metric of elasticities [46]. Transformation consistency is enforced by determining
the intersection of the stress evolution curve with the boundary of the transformation function
(return mapping).
Further understanding of the transformation correction problem can be obtained by examining
the evolution of & from the value it takes in the thermoelastic prediction to the final value of
zero. Differentiating ® with respect to &, recalling that 7 is kept constant during transformation

correction, and using the expression for de/d¢ in equation (38), we get

d do
—® T |fixed, ) = 06P : — P
az (6, Tlfixeds §) = 0 d5+a'

—0s®:S7 0D+ 0:D, E>0

(38)

0s®:S71:0,® + 0D, é<0
—|06®||%_, — ppM <0, E>0

_ |06 Hfl pA é (39)

[06®[%-1 + pb™ >0, E<0

where 0;:® is derived using equations (11) and (13), and [|0s®[|5- = V/0e®:S': 0P is the
norm of d® induced by the elasticity tensor, S~!. Equation (39a) implies that ®(s, ¢) monotoni-
cally decreases with increasing ¢ in the forward transformation with a negative slope. Additionally,
the function ® is convex for forward transformation as shown in Figure 4. These characteristics
make the transformation correction well suited for a solution by Newton’s method, which is used
in this work. Similarly, equation (39b) implies that ®(o,&) vs. ¢ monotonically decreases with
decreasing ¢ with a positive slope. However, the function ® is concave for reverse transformation
as shown in Figure 5. These two observations imply that the application of Newton’s method for
the transformation correction will only be locally convergent.

Attention is now focused on the application of the return mapping algorithm on the discretized
SMA constitutive model based on the backward Euler and forward Euler integration methods.
Again consider the time interval [0,7] and assume that at time #, € [0,7], the total strain, the
temperature, and the internal state variables, which are the transformation strain and the martensitic
volume fraction, are known, i.e.

8|t:t,, =&, T|t:t,, =T, 8t|t:t,, :8£,a é|t:t,, =¢, (40)

Given the increments of strain and temperature field, {Ag, 1 =&,11 — &, AT = T,41 — T, }, where
€1 =&(tuy1), Tuy1=T(t,y1) at time t,,1 €[0,7], £, >1,, the task is to update the field variables
{0,¢',£} to t,41, in a way consistent with the constitutive relations developed in Section 2.

3.2. Closest point projection return mapping algorithm

The main idea in this algorithm is to integrate the transformation flow rule for the transformation
correction using the backward Euler method (f=1 in equation (35)) resulting in a non-linear
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©(0,9)

0
o%

(0, 0)

Figure 4. ® monotonically decreases with increasing ¢ with a negative slope for the forward transformation making it
possible to use the Newton’s method to solve for its zero as a function of ¢ during transformation correction

@(o,¢)

(0, 0)

Figure 5. ® monotonically decreases with decreasing ¢ with a positive slope for the reverse transformation making it
possible to use the Newton’s method to solve for its zero as a function of ¢ during transformation correction as shown

algebraic set of equations, which are solved using Newton iteration method. The numerical dis-
cretization with the initial conditions given in equation (40) is performed on the SMA constitutive
model (equations (4), (7), (14)) as

Gyt :S,,;ll e — G 1(Tapr — To) — 82+1] (41)
8't1+1 = siz + (él’l+1 - én )An+1 (42)
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constrained by the discrete Kuhn—Tucker optimality conditions

(€n+1 - 5n)>0, (I)n+l(°'n+l» Tn+la §n+1)<07 (én+l - 6n)¢n+1(5n+la Tn+la €n+1):0

(én+1 - én)<o’ (I)n+1(5n+1> Tn+1a én+1)<0s (énJrl - én)q)n+l(cn+1> Tn+1a én+1):0 (43)

3.2.1. Thermoelastic prediction. The thermoelastic prediction problem is given by

Ent1 = & + A£n+1
Tn+1 = Tn + ATn+1

t0) _ ot
n+l = €y

0
&9 =¢,

(44)
&

where {AT, 1, Ag, 1} are the specified strain tensor and temperature increments, respectively, over
the time step [£,,2,+1], and (-)*) denotes the values obtained in the prediction stage. The above set
of equations (equations (41)—(43)) can be reformulated in a form suitable for the computational
implementation (operator split) by introducing the following trial thermoelastic state:

62 =8 [ens1 — 0(Tui1 — To) — €4 (45)
q)sl)l = ‘1)[05,(21, Tn+ls£n] (46)

where the material properties S and o are based on &,. Note that this problem is solved using
the converged internal state variable of the previous time step and the increment of total strain
tensor. Physically the reformulation means that this trial state is obtained by neglecting the trans-
formation during the time step, i.e. Aé,;1=0. At this stage, if the transformation criterion is
satisfied, that is, <I>(o-n +1> Tnt1,€,) <O then this trial thermoelastic state is the final state. However,

if <I>(0'n 21 Tov 1 £,)>0, then the Kuhn—Tucker conditions are violated and the trial state lies out-
side the transformation surface. Transformation correction employing backward Euler integration
of the flow rule is then used to restore consistency and the solution [65231, Ty, &,] is taken as the
initial condition for the transformation corrector phase.

20+)1 and the converged internal state vari-
ables, €/, and ¢,, violates the transformation conditions in equation (43), i.e. (I>E,0+)1 >0, the following
transformation correction procedure is adopted at the (n + 1)th loading increment for the solution
of equations (41)—(42) with initial guess equation (45) and constraints given by equations (43).
It is important to note here that replacing ¢, by Gfgr)l implies that the implicit integration of the
transformation strain flow rule is carried from the initial thermoelastic prediction to the final state.

The non-linear system of these algebraic equations is solved by defining the transformation
condition valid for the transformation corrector phase and transformation strain residual based on
implicit backward Euler integration from equation (42) for the kth iteration as follows:

3.2.2. Transformation correction. If the trial stress, ¢

k k

(I)gwr)l = q)(“gwr)vé( 1) (47)
k k 0 r el

R;(Jri f1(+1) +&, + A( )1[5231 =&l (48)
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and then linearizing them using Newton—Raphson iteration method [46, 47], where <I>f£r)1 and R;(B
are ought to go to zero at the end of the iteration process. Equations (47) and (48) are linearized
in the following way:

(k) (k) . (k)
q)n+l + 66(1)n+1 : AGn+1

+0:0%, A8 =0 (49)

n+1

1(k) t (k) (k) (k)
Rn+1 - Asn+l + An+lAén+]

. =0 50
0, <0 8

k k k :
. { (& = ENdeAL) s A, E>0
where equation (50) is obtained by the Kuhn—Tucker condition when (&, — &,) #0. Note that
AAS?I =0 for reverse transformation because during reverse transformation A,’/, remains constant,
for k=1,2,..., with its components determined at the end of the previous forward transformation
(cf. equation (7)). Equations (50) and (53) provide seven equations to solve for 13 unknowns,

. (k) t (k) (k)
L.C. {A6n+1’ A‘(;n+l ’ AénJrl }

The rest of the six equations are obtained by taking the increment of the stress-elastic strain
state relation, equation (41), and expressing it for the total increment of strain as

A1 =ASu41 10041 + Spp1 1 A6y + Aty 1 (T — To) + o1 AT + AEZH (51)

Recalling the definitions of S and o from equations (2a), (2b) and incrementing each, we get

ASy1=A8d¢,4
dd,,+1 =Aa dinJrl (52)

where AS and Aa are defined in equation (12). Using equations (52) and noting that € and T
are fixed during the return mapping (transformation corrector) stage, equation (51) can be written
in incremental form for Ag],, at the kth iteration as follows:

t(k) _ (k) . (k)
Ag, [ =-§ 1 Ac, |

—[AS:6%) + Aa(T,y1 — Tp)]AER (53)

n+1 n+1

Equations (49), (50) and (53) form a system of equations to solve for {AGIEQI,ASLEQ,Aﬁg;)l}

for both forward and reverse transformations.
For the forward transformation (£>0), equation (49) is substituted into equation (53) to obtain

k k k k k
A"ﬁw)l = éafw)l : [_R;(+{ - Afiﬁlao@ﬂl} (54)
where
—1
k k k PN
éal(’l+)l = [5;1(+)1 + (f;(H-)l - én)OGA:(w)l} (55)
and
30", =AS 6, + Aa(T, 41 — To) + A, (56)
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as shown in equation (20a). Substituting equation (54) into equation (50), the increment of the
martensitic volume fraction is obtained for the kth iteration as

(k) (k) . (k) . pik)
é(k) _ (I)n+l - a‘7(I)n+l . 5,1+1 'Rn+1 (57)
ntl (k) . p(k) . (k) 5. %K)
0o®, 116,011 06®, 0 — 0c®,

A similar analysis can be performed for the reverse transformation (£ <0) to obtain

k) _ oy, 1(k) (k) (k)
Ao, =8 ¢ [_Rn+l + AP, (58)
Following the strategy to solve for Afgﬁ)l in the forward transformation, we get
(k) k) . k)™, pitk)
Af(k) _ q)nJrl - a‘T(I)nJrl : Sn+1 'Rn+1 (59)
P N U e (O )
6 *pntl - “nt+l Yo Fp4l < *n+l

(k)

1 can be derived as

appearing in the expression for &®

Furthermore the term 05A 1

/

3 H 1 o’ o
AL :\ﬁ— I-21®1- — ® — 60
=V Te P3O e € e (60)

Here I is the most general rank four symmetric identity tensor and in indicial notation is given by
I= %[5ik5ﬂ +0idjrle e Qe ® ey (61)

where ® denotes the tensor product and 1 is the rank two identity tensor given by
1= ®e; (62)

In equations (53), (54) and (57) for forward transformation and equations (53), (58) and (59)
for reverse transformation, we have a complete set of equations for the 13 unknown variables

Aéilkjl, Ao-fllfgl and Aaﬂ‘l). The next step is to update the transformation strain, s;ﬁ), and the

martensitic volume fraction, 551121: by

te+1) _ t(k) 1 (k)

€01 0 = &, T A%, (63)
(k+1) _ #(k) (k)

£n+l - én-‘rl + Agn+l

It is important to notice here that this is an implicit algorithm involving solution of 6 x 6 system
of equations. A systematic procedure for carrying out the algorithm is outlined in Box 1.
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Box 1. Closest point projection implicit algorithm for shape memory alloy constitutive models

0 0 0 0
1. Let k=0, éfﬁ)l =¢,, £;(+)1 =g, 5,f+)1 =S, “Ew)l =y

2. Calculate the thermoelastic prediction, and evaluate the transformation condition
and transformation strain residual

k k) ! k 1k
Gf(’k‘gl = n(+)1 : [SHH - agl‘gl(T’H’l -T,) - gn(+)1}
k) ._ (k) (k)
¢, = (I)[“nﬂaTnH’an]
k) ._ 1 (k) t (k) [ (k)
R\ = g & A [érH-l - 5n]

If [8\),| < TOLERANCE! and |R\})| < TOLERANCE? then
EXIT.
Else
forward or reverse transformation:
3. Compute elastic/algorithmic tangent moduli

Forward transformation (é > 0):

(k) . [qh) (k) (k) 71
‘g)nﬂ T [Sn+l + (énJrl - én)aﬂAnH]
Reverse transformation (£ <0):
Invert Sn(f)l
4. Compute increment of martensitic volume fraction, stress and transformation strain

Forward transformation (é > 0):
(I)(k) —66<I>(k) :g(k) :Rf(k)

Aé(k) o n+1 n+l * Y+l n+1
ntl ™ (k) . k) . (k) (k)
a"(anrl : gnJrl : 50(1)n+1 - af(anrl

(k) _ plk) . 1(k) (k) (k)
AO-rH—l - @@n+1‘ [ - Rn+1 - Aén+laﬁ'q)n+l]

Reverse transformation (f' <0):

(k) (k) . QU)y~" | puk)

Af(k) _ (I)nJrl B aGCI)nJrl : Sn+1 : Rn+1
n+l — k) . o)~ . (k) (k)
_aﬂq)nJrl . Sn+1 . a‘1'CI)71+1 - afq)n+l

k) _ o). t(k) (k) (k)
Ae, 1 =81 [ —R, + Aénﬂﬁﬁfbnﬂ]

For either transformation:

t(k) (k) . (k)
Ag, = -85 1 Ac,

— [AS 16, + AT, i1 — Tp)| ALY

n+1
5. Update martensitic volume fraction and transformation strain
é(kJrl) _ f(k) —I—Aé(k)

n+l1 n+1 n+l1
wh+1) _ 1) £ (k)
Eyp1 0 =y T AE
; Log) T ()
6. Update elastic and thermal moduli: S, , o,

Let k=k+1 & go to 2
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3.2.3. Geometrical interpretation. Before proceeding to derive the consistent tangent moduli
tensors for the SMA constitutive model, let us understand the geometric meaning of the transfor-
mation correction in stress space. For the (k+ 1)th iteration at #,;, substituting equation (42) into
equation (41), we get

k+1 k+1)~1 k41 k+1 k+1
£z+1 )= Srerl ) Hen — afq+l )(Tn+1 —To) — &, — [fELH )~ én]AEerl )} (64)

Premultiplying equations (64) and (65) by S (Hl) and §~', respectively, and then subtracting the
resulting equations, the expression for the stress at the end of the (k + 1)th iteration in terms of
the trial thermoelastic stress at f,,; can be obtained after some algebraic manipulations as

sk — @ AfH) SEIT 15 gD AS 6 6@ 1) (65)

n+1 n+1 n+1 n+1 n+1 n+1

The above equation describes the return (relaxation) path of the stress tensor from the thermo-
elastic prediction with each iteration. It is clear that the return path is not arbitrary but is defined
by the projection of the thermoelastic prediction on the transformation surface, @ﬁﬂ, in a way
defined by equation (65). That is, the stress state is updated during the iterative procedure in such

a manner that at (k + 1)th iteration, in the six-dimensional stress space defined by the metric of

elasticities, S,Elfll) ol(q]fll) lies on ®* 11, and the vector joining O'(k+1) and cf:l), is normal to @47/
for the case when AS =0. That is, if the change in material propertles is not significant, the stress
will be updated normal to each iterative transformation surface. Note that the implicit integration
of the transformation strain flow rule results in the above-mentioned characteristic of the return

path.

3.2.4. Consistent tangent moduli tensors. As already shown, the solution to the rate type SMA
constitutive equations require numerical integration over a number of time steps. The stress tensor,
as a result of this process, is defined as a function of the deformation history up to a given
instant. The crucial next step is that the tangent tensors that appear in the linearized problem
(due to Newton’s method) must be obtained by employing the response function associated with
the integration algorithm. This is important if quadratic rate of asymptotic convergence is to be
maintained. In other words, the notion of consistent tangent stiffness tensor and tangent thermal
moduli tensor arises due to the enforcement of the consistency condition on the discrete algorithmic
problem. On the other hand, the continuum tangent stiffness and tangent thermal moduli tensors
result from the enforcement of the classical consistency condition on the continuum problem.
Simo and Taylor [43] showed for the case of associative/non-associative elasto-plasticity using
numerical examples that the use of the continuum tangent stiffness leads to loss of the quadratic
rate of asymptotic convergence which characterizes Newton’s iteration method. In this section,
only the final result for forward transformation is presented and the detailed derivation is given in
the appendix. The consistent tangent tensors for the reverse transformation are exactly the same
as the continuum tangent tensors given in equations (32) and (33).

For the forward phase transformation, the algorithmic tangent stiffness tensor, .#, and the algo-
rithmic tangent thermal moduli tensor, @, are derived as

&= §n+1 - Hn+l & Hn+1 (66)
Or®Pui1

0= _g:anJrl - Hn+l (67)
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where

c = \/acq)n+1 (g1 06Puyit — acf(I>n+1

éﬂn 0 (I)n éan 10 (I),,
H,. = (+1 6 @n+1 _ Ont1:06%nt1 (68)
\/acq)wrl :5n+1 :ac(bwrl - aéq)wrl ¢

ébn+1 = [Sn+1 + (én+l - Cyn)acAnH]il

Now if expressions for the continuum and consistent tangent tensors are compared for forward
transformation, it is observed that the difference between the tangent tensors (equations (28), (29)
and (66), (67)) arises due to the algorithmic stiffness tensor defined in equation (68). It is observed
that as the time step At=t,,1 —t,—0, &0 — &, — 07, ie. as

&— 87!
At—0={ H—A (69)

c—a

where (A, a) and (H, ¢) are defined in equations (30) and (68), respectively. Therefore, the consis-
tent tangent stiffness tensor and consistent tangent thermal moduli tensor reduce to their continuum
counterparts as At — 0 for the forward transformation. This shows that the closest point projec-
tion algorithm is consistent with the continuum problem. It is also observed that for large time
(loading) increments, much transformation may result in &, being much larger than &,. This will
result in significant deviation of the algorithmic tensors from the continuum tensors.

For the reverse transformation, the consistent tangent stiffness tensor and consistent tangent
thermal moduli tensor are the same as their continuum counterparts.

3.3. Cutting plane return mapping algorithm

As it is noticed in the closest point algorithm, the usage of backward Euler integration leads to
systems of non-linear equations, whose solution by Newton’s iteration method requires evaluation
of the gradients of transformation flow direction. Addition of another internal state variable in the
model (e.g. [2]) will require further gradients to be accounted for. The task of evaluating such
quantities may prove difficult and computationally expensive. The cutting plane return mapping
algorithm is proposed to avoid the need for computing the above-mentioned gradients [30, 42]. The
present algorithm is formulated solely on the basis of the transformation function, the consistency
condition, direction of the transformation flow and the elastic stiffness tensors without evaluating
any gradient. The analysis falls within the class of convex cutting plane methods of constrained
optimization and utilizes the operator splitting methodology [46].

The basic idea relies on integrating the transformation correction equations (equation (39)) in
an explicit manner and linearizing the consistency condition. The transformation residual, R'®

n+1°
and the terms containing the derivatives of the transformation tensor, Ayi)l, do not appear in the
formulation. The Newton’s iteration method is only applied to calculate the increment of martensitic
volume fraction, Aéfﬁ)l. This enables the convergence of the algorithm towards the final value
of the state variables at a quadratic rate; but, convergence is not guaranteed. The thermoelastic
part of the algorithm is the same as given in Section 3.2.1; therefore, the focus will be on the

transformation correction which is the main difference between the two algorithms.
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3.3.1. Transformation correction. Here we assume transformation loading; that is, the thermo-
elastic prediction does not satisfy the transformation condition and ‘I’fﬁ)l >0. Recalling that the
total strain tensor, &, and temperature, T, are fixed, the transformation flow rule given by equation
(7) is discretized explicitly as follows:

t(k) _ (k) A (k)
Ag, | =A8LAL

(70)
Note here that the above equation can also be obtained from equation (50) in Section 3.2 by

neglecting the residual, R;(f)l and the last term containing gradient of the transformation tensor,

Afj;)l. Also, this explicit integration is being carried out from the initial thermoelastic state to
the final unknown state. Now using the discretized flow rule, equations (53) and (56), the stress
increment for the kth iteration during the (n + 1)th increment can be written as

Ach) = — 8" AL

n+l1 n+1

(k) :
(k){ a“q)nﬂf ¢>0 (71)

n+1 k :
—9,0"),, é<0

Linearizing the discrete transformation function for the kth iteration and equating it to zero due
to the Kuhn—Tucker condition, i.e. &, — &, #0, we get

k k k 0 A sl
(I’fw)l + 66@2421 : A"EH)1 + af(I)iwL)lAthL)l =0 (72)

Substituting equation (71) into equation (72) and solving for the increment of &, the following
expression is obtained:

© q)(k)l
Afn _ — n+ (73)
! +£0,0%), 1 SN 1 g0, — o:0%),

where the + sign is for the forward transformation and — sign for the reverse transformation. In
equations (73), (71) and (70), we have a complete set of equations in terms of the 13 variables
Aéfﬁgl, Acffgl and Asqu]) for both forward and reverse transformations. Note that unlike the
closest point formulation, the incremental expressions are the same for both the forward and
reverse transformations, except the change of sign in equations (71) andt &7)3), thus saving a lot

of coding details. The next step is to update the transformation strain, & and the martensitic

n+1>
volume fraction, 5;’21, as given below:
1)t (k) 1 (k)
pil = &g T AL (74)
(k+1) __ =(k) (k)
S =& TAGY

For the cutting plane algorithm, the continuum tangent tensors given in Section 2.1 have to be
used since consistent tangent tensors cannot be obtained in closed form. This means a loss in the
quadratic convergence rate of Newton’s iteration method, and therefore, quasi-Newton methods are
suggested for global solution strategies [46]. A detailed strategy for implementing the algorithm
is given in Box 2.
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Box 2. Convex cutting plane explicit algorithm for shape memory alloy constitutive models

1. Let k=0, &9 =¢, & Q=g 59 =5, o

n+l ntl = 1 = nt1 — %n

2. Calculate the thermoelastic prediction and evaluate the transformation condition

k k) ! k k
6 =S e — 0 (T = T) — g,1]
k k k
(I)51+)1 = (b[GEH-)l’T”"'l’ggH—)l]
If [8%),| < TOLERANCE then
EXIT.
Else

forward or reverse transformation:

3. Compute increment of martensitic volume fraction and transformation strain

(k)

- s
nt k) . )=t (k) (k)
ia“q)rh% . Sn+1 . ac(I)rHrl - aéq)nﬂ

Agr®) Z A AG)

n+1 n+1" n+1

where 4 stands for forward and reverse transformations, respectively.

4. Update martensitic volume fraction and transformation strain

(k+1) _ =(k) (k)
S =& H AL

t (k+1) _ _t(k) t(k)
€1 =&, + A8,

Let k=k+1 & go to 2

3.3.2. Geometrical interpretation. A geometric interpretation of the algorithm can be given by
expanding equation (71) in the following form:

(k) >
(k+1)y _ (k) —Af(k) S(k)fl- (3(,(1)”_H, E>0 o)
i1 =0yt n+1%n+1 *) .
76"(1)n+1’ é<0

(k+1)

The above expression implies that during the transformation correction o, "’ is found by projecting

the plane normal to @i’?l and finding its intersection with level iterate @;’fﬁll) . That is, the return
path is approximated by a sequence of straight segments. Note that the explicit integration of the
transformation strain flow rule is directly responsible for the above-mentioned characteristics of

the return path.
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3.4. Summary of algorithms

Having derived the algorithms, attention is now turned to their respective features. Following
are the remarks on the closest point projection algorithm:

1. It is based on the backward Euler integration rule of the transformation strain flow rule
resulting in a set of non-linear algebraic equations solved using Newton’s iteration method.

2. The quadratic convergence rate from the thermoelastic prediction to the final solution of
the Newton’s iteration method is guaranteed, as observed in the variation of the transforma-
tion function with changing martensitic volume fraction during transformation correction in
Figures 4 and 5.

3. Backward Euler integrations makes the local integration procedure first-order accurate and
unconditionally stable.

4. The algorithm facilitates the derivation of the consistent tangent moduli tensors in closed
form, thereby preserving the global quadratic convergence rate.

5. The algorithm requires the solution of a system of linear algebraic relations (equations (49),
(50) and (53)). This results in a relatively large number of tensorial operations beside the
evaluation of the gradient of the transformation tensor (equation (60)) and inversion of the
6 x 6 algorithmic tangent tensor (equation (55)) during forward transformation.

Similar remarks on the features of the convex cutting plane algorithm are as follows:

1. It is based on the explicit integration of the transformation flow rule from the thermoelastic
predictor; the satisfaction of the transformation condition still requires the use of Newton’s
iteration method.

2. The convergence of the algorithm towards the final value of the state variables is obtained
at a quadratic rate as shown in Figures 4 and 5.

3. Forward Euler integration makes the load-stepping procedure first-order accurate. The
algorithm is also unconditionally stable in the forward transformation because the iteration
function to find the increment of martensitic volume fraction, A¢&, is contractive and the
transformation tensor is normalized (cf. Section 2). In the reverse transformation, Newton’s
method is only locally convergent which may result in instability.

4. The algorithm does not allow the derivation of consistent tangent moduli tensors in closed
form, thus requiring continuum tangent moduli tensors to be used. This may require usage
of quasi-Newton techniques for faster convergence in the global solution scheme.

5. Its fundamental advantage is its simplicity, since it does not require computation of the
gradient of the transformation tensor or inversion of algorithmic tangent tensors, and only
involves a few tensorial operations and function evaluations to determine the unknowns.

4. RESULTS AND DISCUSSIONS

To characterize the behaviour of the two algorithms, five boundary value problems (BVPs) are
analysed. Three simpler uniaxial cases are studied to characterize the evolution of the transforma-
tion and stress state in a given load increment. Only two 3-D eight node linear elements are used to
model each of these problems. The other two torsional and combined loading cases are performed
to analyse the numerical accuracy and computation time. Special eight-node quadratic axisymmetric
elements with angle of twist as a degree of freedom are used to discretize these problem domains.
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Table I. Shape memory alloy material parameters

Material constants Values Model variables
EA 70-0 x 10° Pa Used to calculate isotropic compliance tensors, S* and SM
EM 30-0 x 10° Pa
vA =M 0-3
ot 22:0 x 107%/K Used to calculate isotropic thermal expansion coefficient
oM 10-0 x 107K tensors, o and o™
pAc=cM— A 0-0J/(m® K)
pAsg ( do )A
H 0-05 =— (==
ot oM H dTr
a a
— = (- 7-0 x 10° Pa/(m’K
ar (dT) x 10° Pa/(m’K)
A°f 3150 K 7= pAug + 11 = LpAso(M* + 4°")
A% 295.0 K pb™ = — pAso(4°T — 4°%)
M 291.0 K pbM = — pAso(M°* — M°")
Mer 2710 K 12 = (pb™ — pb™)

Y* = — 1pAso(4°" — M) + LpAso(M* — M°T — 4°" + 4°)

A = austenite, M = martensite

The boundary value problems are numerically simulated using the commercially available non-
linear finite element code ABAQUS on a parallel processing SGI Power Challenge composed of
24 RL10000 processors. The analyses are run using the ‘small’ queue option which allows usage
of no more than two processors simultaneously. The incremental (discretized) SMA constitutive
model based on the two algorithms is implemented in the user supplied subroutine UMAT. The
material properties used in the FE solution of the boundary value problems are given in Table I.

In order to be able to compare the results from the implementation of both algorithms, only
the transformation function criterion value (cf. point 2 of Boxes 1 and 2) is selected to end the
iteration procedure in the transformation correction part. Therefore, the same value of tolerance
1.0 x 10~ MPa is chosen for both algorithms. This leads to six significant digits for & and
nine significant digits for £. All the results discussed herein are obtained at the mid-point of a
finite element, a task performed by ABAQUS and they are feasible because most of the following
problems result in uniform stress state throughout the domain. The results and discussion of these
problems follow.

4.1. Uniaxial cases

4.1.1. Uniaxial isothermal pseudoelasticity. Figure 6 shows the schematic of the BVP. The ini-
tial temperature is chosen to be 4°7 (see Table I). The boundary conditions are such that except for
the axial component of stress o1; the rest of the stresses 6;; =0, i=1,...,3, j=1,...,3, i=/j#1)
are zero. The loading history as shown in Figure 6 is applied equally at the four nodes to obtain
constant axial stress throughout the domain and assumed to be a linear function of the loading
parameter, ¢, where ¢ € [0,2]. The maximum load, Fi,x, is applied such that all austenite trans-
forms into martensite producing a transformation strain of 5 per cent followed by full unloading
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Figure 6. Schematic and loading histories of the first and second boundary value problem. The mechanical boundary
conditions result in uniaxial stress in the 1-direction

to austenitic state (pseudoelastic effect). In Figure 7, the axial stress is plotted against the axial
strain for both the convex cutting plane and the closest point projection algorithms. It is observed
that they both match satisfactorily in describing the pseudoelasticity effect. In the following, until
otherwise mentioned, all results presented will be equally valid for both algorithms at least up to
the fourth decimal for all state variables.

To demonstrate how the transformation surface evolves during a typical return mapping (trans-
formation correction) part of the algorithm, arbitrary load increments are chosen for the forward
and reverse transformations, respectively. Figures 8 and 9 show the evolution of the transforma-
tion surface with the number of iterations within the n + 1 increment, in the a;; — g2, space for
forward and reverse transformations, respectively. The magnitude of stresses with respect to iter-
ations during the return mapping is also tabulated and given in the figures. The converged values
of the martensitic volume fraction are &,,; =0-7974 and &,.; =0-2776 for forward and reverse
transformations, respectively. The total number of iterations used to satisfy the prescribed tolerance
are usually less than 6 for both forward and reverse transformations. As observed in the figures,
even though the applied load is expected to result in an uniaxial stress state, this is not the case
in the initial iterations of the transformation correction. This is due to the thermoelastic prediction
which assumes initially that the transverse strains are totally elastic. This is corrected during the
iterations by the algorithms and the final stress state obtained is found to be uniaxial. For the case
of forward transformation as shown in Figure 8, the transformation function expands with number
of iterations due to the increase in martensitic volume fraction, whereas the stress state evolves
towards the transformation surface from the convex side. On the other hand, in the case of reverse
transformation, the thermoelastic prediction lies on the concave side of the transformation surface
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Figure 8. Evolution of forward transformation surface in ¢j;—0p; space with return mapping iterations (k) for a given
strain increment (problem 1). Note that the stresses do not lie on the transformation surface until the last iteration

in Figure 9. In subsequent iterations the stress state moves into the convex side of the transfor-
mation surface, and both the stress states and the transformation surface move towards each other
until convergence is achieved.

The behaviour of the transformation surface discussed above is explained by observing
Figures 10(a) and 10(b), where the transformation function is plotted against the martensitic vol-
ume fraction for both forward- and reverse-phase transformations for both algorithms. Figure 10(a)
is the classical example of the application of Newton’s method to finding the zero of a convex
function, in this case the transformation function. This is the reason that Newton’s method is
globally convergent for return mapping procedure during forward transformation. This figure also
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Figure 9. Evolution of reverse transformation surface in o1;—0; space with return mapping iterations (k) for a given strain
increment (problem 1). Note that the stresses do not lie on the transformation surface until the last iteration

shows that with each iteration, the martensitic volume fraction increases thus expanding the trans-
formation surface in the stress space. The solid line in the graph is a fit drawn for the sake of
clarity. In reverse transformation, however, as it is observed in Figure 10(b), the first Newton
iteration results in a switch of sign for the transformation function value and then it converges
just like the forward transformation. This also results in one more iteration to converge than those
required for the forward transformation.

4.1.2. Uniaxial constant stress thermally induced transformation. In this BVP the SMA mate-
rial is put through a temperature cycle at a constant axial stress of 50 MPa. The schematic shown
in Figure 6 exhibit the boundary conditions along with the loading history. The stressed material is
initially at a temperature above 4°f. Next the temperature is decreased below M°f for full forward
transformation and then increased above A°' again for full reverse transformation. In Figure 11,
the uniaxial strain is plotted against applied temperature. The two algorithms again match closely.
A transformation strain of 5 per cent is obtained at the end of the cooling part of the cycle, which
fully recovers at the end of heating.

The evolution of transformation surface for this case is analysed in both the ¢;;—7 and ¢{1—02
spaces for both forward and reverse transformation in Figures 12(a), 13, 12(b) and 14, respectively.
In the forward transformation as seen in the ;-7 space (Figure 12a), the transformation curve
moves toward the imposed (lower) temperature of 6-5°C with the increase in the martensitic
volume fraction with the number of iteration. On the other hand, the axial stress decreases from
the thermoelastic overprediction until in finally converges to 50 MPa. Whereas in the a11—a,, space
(Figure 13), the transformation function expands with the number of iterations due to the increase
in martensitic volume fraction, and the stress state evolves towards the transformation surface
from the convex side until they finally converge at 50 MPa and 6-5°C. The evolution of stresses is
also tabulated in Figure 13 which shows the rapid convergence. At the end of the transformation
correction, ¢ changes from 0-5930 to 0-9395.
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Figure 12(b) contains the reverse transformation correction in ¢1;—7 space. For the first iter-
ation the transformation curve overshoots the imposed (higher) temperature of 50-3°C and then
in subsequent iterations it converts back. The axial stress shows a similar behaviour where the
thermoelastic prediction results in compressive axial stress but changes sign in the first iteration,
and similar to forward transformation, it decreases to 50 MPa at the end of the iterations. This can
be observed in Figure 14 where the thermoelastic prediction switches from the concave side of
the transformation surface into the convex side in the first iteration. In subsequent iterations, the
stress state and the transformation surface move toward each other until convergence is achieved
at S0 MPa and 50-3°C with ¢ changing from 0-6320 to 0-3325. The evolution of stresses is also
tabulated in Figure 14.
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Figure 13. Evolution of forward transformation surface in o1;—0y; space with return mapping iterations (k) for a given
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Once again, the above results can be described more clearly by plotting the transformation
function against the martensitic volume fraction in Figures 15(a) and 15(b). As in the case of
stress-induced pseudoelasticity, ¢ increases for each forward transformation iteration; however, it
decreases for the first iteration and then increases until the last iteration in the case of reverse
transformation. Both times, convergence is easily achieved within five iterations and the reverse
transformation takes one more iteration to converge due to the change in sign of the transformation
function.

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng. 2000; 47:1123-1168



1152 M. A. QIDWAI AND D. C. LAGOUDAS

(2) —
£3) =02456 Gy, = Oy
§<3> =02769

. .
£ =02776 -—\W

‘fs;lll =01472 _| ,// e Final stress state

T
n" Increment
£© =05771 m\” / m
T —s/‘f—w k ol | g2 | g3
Vs / 395.6 | 2069 | 2065

313.9 | -122.5 | -122.5

0
]
2 505 | 04 | 04
2% %0 ~ /mu 200 .
4 11 3 30.0 | -0.004 | -0.004
/ 4 50.0 6.0 0.0
3
2,3,4,5 / \
/

50.0 0.0 00
/ Movement of

stress state after

the first iteration

T T Movement of
1 0 Transformation
surface

Figure 14. Evolution of reverse transformation surface in gj;—0d7; space with return mapping iterations (k) for a given
strain increment (problem 2)

50.00 - 4000
© r [hermoelastic response o r Thermoelastic response
S -0 S 3000
€ 4000 s 0
i- : © 20001
§ 3000 o -
et - m :
e C £ 10001
T 2000 5 .
B c r
5 i £, =0.593 S 0.00} 345
® 10001 Convex Cuttin ] 5
£ r ‘ o e £ -1000f &, =0.593
S 000 F El  Closest Point % r > Comeor Cuting
‘n . Y |-
5 C 2,3,4 g -20.00 1  Closest Point
= B = r1
_10_00’_w|x|]||t||||x1||:|1|1|11 _30.00x:;x]llln]ulu«lt»quuw\r
050 060 070 080 090 1.00 020 030 040 050 060 0.70
Martensitic Volume Fraction, & Martensitic Volume Fraction, &

(a) (b)

Figure 15. (a) @ versus ¢ during forward transformation; (b) ® versus ¢ during reverse transformation (problem 2)

4.1.3. Uniaxial thermally induced transformation with a spring. The BVP is similar to the
first two in the sense of geometry and displacement boundary conditions. The resultant stress state
is uniaxial (only o). The differences arises from the placement of linear springs of equal stiffness
(k =2.0 x 10°N/m) at the end of the SMA instead of point forces, as shown in Figure 16. The
loading history is also given in the same figure. Initially, the material is in a stress free state at a
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Figure 16. Schematic and loading history of the third boundary value problem

temperature below A4°° and then the temperature is increased until the whole material transforms
completely from martensite to austenite. At this point, the temperature is first decreased below
M°! resulting in complete transformation from austenite to martensite and then increased to the
initial value to complete the cycle. In Figure 17(a). o1 is plotted as a function of temperature for
both algorithms, which give similar results. This figure shows that as the temperature is increased,
the transformation strain is recovered under a build-up of tensile stress due to the resistance of
the springs. This results in the shifting of the austenitic finish temperature to higher values. Upon
cooling the SMA, forward phase transformation results in transformation strain and thus relaxes the
applied tensile stress on the SMA by the springs. At the end of the cycle, the material returns to its
initial stress free state. In Figure 17(b), o; is plotted versus ¢;; and the result from both algorithms
coincide. Note that the linearity in the stress—strain response is due to the linear behaviour of the
springs.

In Figures 18(a) and 18(b), the transformation function, ®(e, £), is plotted versus the martensitic
volume fraction, &, for three SMA constitutive models for both forward and reverse transformations
in order to study their convergence behaviour during the transformation correction. All these
models can be described under the framework of the unified SMA constitutive model. To plot
the transformation function, the transformation flow rule is discretized using the forward Euler
integration rule. The models chosen are the polynomial model [20], exponential model [17, 18],
and cosine model [19]. It is noted in Figure 18(a) that ®(eo,&) decreases monotonically with
increasing £ in the forward transformation with a negative slope, as derived previously for the
polynomial model in Section 3.1. This result, plus the fact that the transformation function is
convex for forward transformation, guarantees global convergence for a solution by Newton’s
iteration method for all models. Similarly, in Figure 18(b), a plot of ®(e,&) vs. ¢ is shown for
reverse transformation, where the transformation function is monotonically reducing with decreasing
¢ with a positive slope, again as derived previously for the polynomial model in Section 3.1.
This feature alone guarantees only local convergence of a Newton’s iteration method because
the transformation function is not convex. For a suitable load increment, as shown in Figure 5
after the first iteration, the transformation function does become convex and the method converges
thereafter.
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Figure 18. (a) Convergence of ® to zero with increasing ¢ in forward transformation correction for different SMA con-
stitutive models; (b) convergence of ® to zero with changing ¢ in reverse transformation correction for different SMA
constitutive models

4.2. SMA torque tube cases

In this section, BVPs are analysed where transformation may not be uniform and combined
loading in the stress space takes place. The accuracy properties of the algorithms are then assessed
based on the error as a function of the imposed strain increment size.
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4.2.1. Torsion-induced pseudoelasticity. The schematic of the 3-D BVP and the loading history
are shown in Figure 19, consisting of a SMA torque tube loaded in simple shear (torsion). The
domain is modelled using 24 special eight node quadratic axisymmetric elements with an additional
twist degree of freedom along the length (L=82mm).Y Only one element is used in the radial
direction, since the tube is very thin (r;=2-5mm, 7, =3-17mm).l The tube is fully fixed at the
right end and angular (rotation) boundary condition is applied at the other end. The tube is initially
at the austenitic finish temperature and the maximum value of the applied rotation (1 rad/57-3°)
is such that full forward transformation throughout the tube takes place. The rotations are then
relaxed to zero to obtain full reverse-phase transformation. The material properties used for the
SMA torque tube are given in Table I, except for the maximum transformation strain, H, which
is taken to be 1 per cent. It should be realized here that since the only non-zero stress is the
in-plane shear stress, .9, which varies linearly in the radial direction, phase transformation will
not be uniform and will also vary almost linearly radially. Concentric circles of material with the
same value of ¢ will form with higher values of ¢ in the outer layers (see Figure 20(a)).

9The purpose is to model a torque tube which geometrically resembles those in commercial service. The specifications
used here are based on a torque tube manufactured by Memory Corp. Therefore, to obtain suitable aspect ratio, 24 elements
are used in the axial direction even though there is no axial variation in stress

IDue to the thinness of the tube in the radial direction, a very small variation of martensitic volume fraction is expected.
A single quadratic element is deemed sufficient to capture the resulting variation
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Figure 20. (a) Formation of concentric circles of the martensitic volume fraction, £, due to stress (o)) variation in
radial direction; (b) average in-plane shear stress versus average in-plane shear strain for two different increment sizes
(problem 4)

In Figure 20(b), the average™* shear stress, g.9, of a finite element is plotted against the average
shear strain, &9, and the applied rotation, 0, respectively. Only selective data points are shown
on the figure for clarity of presentation. The results are plotted for both algorithms for two cases
of 20 and 200 strain increments each, respectively. Defining the normalized strain increment as
the ratio of the strain increment to the strain at the start of the forward transformation at A4°f,
20 and 200 increments correspond to 1-0 and 0-1 normalized strain increments, respectively. Both
algorithms give satisfying results regardless of the increment size and 4-5 iterations were necessary
for a complete transformation correction in all the cases regardless of the size of increment. Even
though the polynomial model suggests linear hardening, the relationship shown is not such because
transformation does not occur simultaneously in the radial direction. Note that it took approximately
54 degree of rotation' to obtain full forward phase transformation and 1 per cent of transformation
strain.

4.2.2. Torsion-tension-induced pseudoelasticity. The geometry and the finite element discretiza-
tion of the BVP remains the same as shown in Figure 19, except that the fixed end is now fixed
only in the axial and angular directions. The radial direction is free to move. This ensures that
the axial stress (0,,) is constant and the torsional stress (ag,9) varies only in the radial direction

**The average stress is obtained through interpolation at the centroid of a finite element. Effectively, averaging takes place
only radially because stress distribution is uniform in the axial direction

T The large rotation results in a small strain and no rigid-body rotations are superimposed. In fact, the non-linear Green—
Lagrange shear strain is equal to the engineering shear strain (3-:25 per cent) in this case. This is why, the use of
small-strain-based model is justified here. To take care of motions with large rotation component and small strain expected
in SMA-based devices like a bending beam, can be effectively taken care of by using the same model but employing Green—
Lagrange strain and second Piola—Kirchhoff stress. This has been done in a recent SPIE proceeding paper by Govindjee
and Hall [48] and by the present authors in a paper that is already submitted [49]

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng. 2000; 47:1123-1168



NUMERICAL IMPLEMENTATION OF A SHAPE MEMORY ALLOY 1157

throughout the tube length and that no radial stresses develop. Displacement (axial) and angular
(rotation) boundary values are applied at the other end of the tube. The boundary displacement
and rotation are applied such that at 4°7, the whole tube transforms from austenite to martensite,
followed by unloading so that full reverse transformation takes place. The boundary conditions are
applied as a function of the loading parameter, ¢, as shown in Figure 19 in the following three
ways: (1) combined (simultaneous) tensile and torsional loading and unloading, (2) first torsional
and then tensile loading, and (3) first tensile and then torsional loading. The values for maximum
rotation, Op.x, and maximum axial displacement, uy,x, which appear in the loading history are
chosen as 34-5° (~ 2-3 per cent in-plane shear strain) and 3-5 mm (~ 4-3 per cent axial strain),
respectively. Only the loading part of the combined tension-torsion is shown in Figure 19. The
results from the first case are also used to examine the performance of the algorithms, whereas
the last two cases along with the first one are used to exhibit the path dependence of the mate-
rial response for the forward transformation only, since similar observations can be made for the
reverse transformation. The material properties given in Table I are used, except for the maximum
transformation strain, A, which is taken to be 3 per cent.

The combined tensile and torsional loading case is analysed for both algorithms using 20
(2-0),100(0-4),200(0-2) and 1000 (0-04) strain increments (normalized strain increments) in order
to evaluate the numerical accuracy of the algorithms. Figures 21(a) and 21(b) show the plots of
average axial stress, ¢, vs. average axial strain, &, and average shear stress, g,y vs. average
shear strain, &, respectively, for the convex cutting plane algorithm. Only selective data points
are used for clarity of presentation. Similar to the previous boundary value problem, the transfor-
mation is not uniform in the radial direction due to the non-uniformity of ¢,9. The plots show
that the determination of the constitutive response is independent of the increment size. The same
analysis has been made for the closest point projection algorithm with similar results not shown
in this paper. Figures 22(a) and 22(b) enhance this point, where the same variables are plotted
for both algorithms for the lowest (20) and highest (1000) number of increments. To quantify the
numerical error in the results, an error analysis is carried out in which the measure of numerical
error is taken to be [42]

o — GCX
error:w x 100 (76)
[loex]|
where ¢ and ¢** are the computed and exact values of the stress tensor, and || - || is the inner

product of the enclosed quantity. The exact values are those which are calculated employing a
sufficiently small normalized strain increment below which the values do not change. In this case
the normalized strain increment is 0-02, corresponding to 2000 strain increments. Since the stress
state is inhomogeneous in the material, an arbitrary Gauss integration point is chosen to obtain
the stress values just before the end of the full transformation. The result of the error analysis is
given in Figures 23(a) and 23(b) for both forward and reverse transformations, respectively. It is
observed that even for the largest normalized strain increment of 2, the error is not more than
0-004 per cent in the forward transformation and 0-2 per cent in the reverse transformation for
both schemes, which are negligible. Finally, in Figure 24, the rate of convergence of the return
path to the transformation surface is illustrated. For both algorithms, convergence is seen to be
achieved in not more than five iterations even for large strain increments. This result is true for
both forward and reverse transformations.

To study the path dependence of phase transformation, all three cases mentioned above are
compared for the forward-phase transformation. At the end of the loading period, full forward
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Figure 21. (a) Average shear stress versus average shear strain; (b) average axial stress versus average axial strain
for four different increment sizes using the convex cutting plane algorithm—simultaneous tensile-torsional loading
(problem 5)
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Figure 22. (a) Average shear stress versus average shear strain; (b) average axial stress versus average axial strain for the
smallest and largest increment size using both integration algorithms—simultaneous tensile-torsional loading (problem 5)

transformation is achieved in all cases. In Figures 25(a), (b), and (¢), 0.9, 0., and & are plotted
against loading parameter, . The evolution of both stresses is most easily recognizable for the
combined loading case where an elastic loading of austenite is followed by phase transformation
and then an elastic loading of martensite (Figures 25(a) and (b)). In the torsion-tension case, when
the rotation is applied initially, 0,9 exhibits an elastic response followed by phase transformation
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Figure 23. Per cent error versus increasing normalized strain increment sizes for both algorithms during (a) forward-phase
transformation; (b) reverse-phase transformation (problem 5)
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Figure 24. Number of iterations to transformation correction versus increasing normalized strain increment sizes for both
algorithms (problem 5)

(Figure 25(a)) while ¢,, remains zero (Figure 25(b)). At #=0-5 when axial displacement is
applied, a non-linear relaxation results in the rotated tube to an extent where all the torsional
stress is removed from the tube even though the rotational boundary condition is still intact
(Figure 25(a)). On the other hand, for tension-torsion case, g,y is zero in the first half of the
loading and then increases elastically due to the applied rotation (Figure 25(a)). This is be-
cause full forward transformation has already taken place during the first loading half when axial
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Figure 25. (a) In-plane shear stress; (b) axial stress; (¢) martensitic volume fraction versus loading parameter for combined
tension-torsion, torsion-tension, and tension-torsion

displacements are applied (Figure 25(c)). This is also manifested by ¢,,, which remains constant
during the rotation after exhibiting an elastic-transformation-elastic behaviour during the applied
axial displacement (Figure 25(b)).

The graph of the martensitic volume fraction, £, versus the loading parameter, ¢, in Figure 25(c)
and the evolution of the four components of transformation strain (&l,, .., €., ),) vs. the loading
parameter, ¢, for each case in Figure 26(a), (b) and (c) also support the above-mentioned results.
The remaining two components of transformation strain, ¢, and &, are zero and they are not
plotted. Note the volume conservation of transformation strain by the observation that &, = &), =
—0-5¢!, for all cases. In the combined tension-torsion case, all the non-zero transformation strains
evolve simultaneously. In Figure 26(a), the increase in &, for the torsion-tension case justifies
the relaxation of o,y to zero in Figure 25(b). Also, note that there is no generation of &, in
tension-torsion case because maximum transformation strain is already achieved during the axial
displacement resulting in purely elastic response in the rotation part (Figure 26(a)).

Finally note that all the above-mentioned results are influenced by the choice of maximum
rotation, Op.x, and maximum axial displacement, u,,. For example, there is a possible selection
of Omax and wum,, for which the rate of transformation is the same for both tension and rotation.

Until now, tests have shown that both algorithms generate consistent results for all cases per-
formed. One conclusion that can be reached by looking at Boxes 2 and 3 is that the closest point
projection algorithm requires more computations than the cutting plane algorithm. This is corro-
borated in Table II, where the closest point algorithm is shown to consume more CPU time for
each analysis, ranging approximately from 6 to 160 per cent of the CPU time consumed by the
cutting plane algorithm. As mentioned in Section 3.4, the cutting plane algorithm only requires
function evaluations, whereas the closest point algorithm requires the solution of a set of non-linear
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tension, and tension-torsion: (a) in-plane shear transformation strain; (b) axial transformation strain; (c) radial and tangential
transformation strain

Table II. CPU time comparison for problems 1-4 for the same number of increments

Cutting plane algorithm Closest point algorithm

Problem Inc.  Glo. iter. CPU time (s)  Glo. iter. CPU time (s)
Isothermal uniaxial pseudoelasticity 33 41 2-70 40 3-40
Uni. const. stress therm. induced trans. 41 45 2-69 44 3-61
Uni. therm. induced trans. with a spring 13 48 3.88 46 4-10
Torsion-induced pseudoelasticity 20 22 7-52 22 10-01
200 200 50-00 200 76-66
Torsion-tension-induced pseudoelasticity 20 29 10-07 29 15-82
100 110 40-70 109 106-33
200 207 61-63 206 161-63
1000 1002 284-16 1001 464-72

SGI power challenge dual RL10000 processors are used for numerical simulation

algebraic equations, which results from the backward Euler integration of the transformation strain
flow rule. The solution to this system of equations is then found using Newton’s iteration method
which invloves in addition to tensorial operations (multiplications, tensor products and inner prod-
ucts), the evaluation of the gradient of the transformation tensor (equation (60)) and the inversion
of the algorithmic tangent tensor during forward transformation (equation (55)).

In the present study, LU decomposition and backsubstitution method is employed to find the
inverse of the algorithmic tangent tensor because of its inherent stability due to pivoting. Due to
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the specific form of equations (55) and (60), an alternative is to apply the Sherman—Morrison—
Woodbury (SMW) formula to find the closed-form solution of the algorithmic tangent tensor.
The advantage of employing this formula is that lesser number of operations is required to find
the inverse than the direct methods, such as LU decomposition and backsubstitution, but it is
less stable. An estimation of the number of operations involved in the constitutive subroutine
revealed that approximately ll—sth of the total CPU time would have been saved if SMW formula
were employed. This observation does not adversely affect the results shown in Table IV for
the CPU time cost of the finite element solution of the BVPs, therefore, LU decomposition and
backsubstitution method is employed because with a minimal extra effort, stability is assured.

Table II also contains the number of increments and total number of iterations used by the global
finite element (FE) program. Since the number of increments used by the FE code were fixed, the
total number of iterations suggests the global convergence speed. In that regard, it is noted that
almost the same global convergence behaviour is obtained for both algorithms. This implies that the
global convergence rate is almost preserved even when inconsistent tangent tensor is employed for
the cutting plane algorithm. This may be qualified by the observation that the numerical problems
that are solved in this study are dominated more by the cost of stress evaluation rather than
equation solving where one may need a proper tangent tensor which is unavailable in a cutting
plane algorithm. It may be concluded then that the convex cutting plane algorithm is more suitable
for solving the type of SMA-based boundary value problems studied in this paper and for the class
of SMA constitutive models which show convergence behaviour during transformation correction
as shown in Figures 18(a) and 18(b). However, for more complex SMA constitutive models
which incorporate pressure sensitivity, softening involving transformation surfaces with corners,
transformation hardening described by non-convex functions, etc., the transformation function may
not be as smooth and monotonic with respect to changing martensitic volume fraction. In that
case, the closest point projection algorithm will be a better choice due to its implicit nature, which
results in more stability.

5. CONCLUSION

In this study, the return mapping algorithms are evaluated at length in the context of shape memory
alloys. Two return mapping algorithms are studied in this work—the closest point projection
algorithm and the convex cutting plane algorithm. The general transformation correction (return
mapping) structure and its geometrical interpretation are presented. A summary of the polynomial
thermomechanical constitutive model based on the unified thermodynamic model of Lagoudas
et al. [12] is presented with the derivation of the continuum tangent moduli. Detailed derivation
of the algorithms based on the SMA thermomechanical constitutive model is given. The consistent
tangent moduli is derived for the case of closest point projection algorithm. The same is not
possible for the convex cutting plane algorithm and continuum tangent moduli have to be used.
In addition to the polynomial model, the cosine and exponential models have been implemented
under the umbrella of the unified thermodynamic model for the convex cutting plane algorithm. It
is shown that the application of the two algorithms on these SMA constitutive models will exhibit
similar convergence behaviour during transformation correction (return mapping).

Five SMA boundary value problems (BVPs) are used to analyse the convergence characteristics
during transformation correction and the numerical accuracy of the algorithms. The first three
boundary value problems are uniaxial stress-induced pseudoelasticity, constant stress thermally
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induced phase transformation and variable stress thermally induced phase transformation. They
are analysed to study transformation-stress state during transformation correction, together with
assessing the convergence characteristics of the iteration method employed. It is shown that both
algorithms produce consistent results for the same number of increments. The salient features of
the transformation correction are portrayed with the help of plotting the transformation surface in
stress or stress-temperature space, during an arbitrary time increment at each Newton iteration.
The convergence behaviour of the algorithms is further understood by plotting the transformation
function against the martensitic volume fraction for such an increment.

Two additional BVPs based on SMA torque tubes are performed at varying number of increments
to analyse the numerical accuracy of the algorithms. Separate pure torsion and combined tension-
torsion displacement boundary conditions are applied on the SMA torque tube to simulate loading
paths of varying complexity. It is shown that both algorithms give satisfactory results for any
number of increments validating their accuracy. An analysis is then carried out to estimate the
numerical error in the stress solution and they are found to be negligible for both schemes. Within
the combined loading test, three more cases are simulated to analyse the path dependence of the
state variables on the loading.

Overall, it is noted that the closest point projection algorithm involves more computations than
the cutting plane algorithm since in addition to tensorial operations, the evaluation of the gradient
of the transformation tensor in the flow rule and also inversion of algorithmic tangent tensor during
forward transformation are required. This is supported by the computation cost of each BVP for
both algorithms. The effect of the inconsistent tangent tensor on the global convergence rate is
also not observed in the case of cutting plane algorithm. This may be the consequence of the
studied BVPs, which are dominated more by stress evaluation than equation solving, where a
proper tangent tensor may be required. With this in mind, it is concluded that the convex cutting
plane algorithm, even though it is an explicit integration algorithm, is found to be more preferable
for this class of SMA constitutive model based on the computation time it took to solve the studied
BVPs numerically.

APPENDIX
L1. Remarks on implementation of the algorithms

Since return mapping algorithms are essentially strain driven, they can be readily incorporated
into the displacement based finite element method. At this point, it is assumed that the incremental
SMA constitutive relations resulting from the application of the return mapping algorithms hold
pointwise (or at Gauss integration points). In an incremental finite element analysis at a time
t € [ty, t,11], previously converged values of state variables {g,, Ty, €., £, } at time ¢ =, are supplied
to the return mapping algorithm along with the imposed increments {Ag, 1, AT, ;}. Using the
constitutive response, the remaining state variables &€/, ,&,; are updated for =1, along with
the stress, 6,1, and the tangent moduli tensors, %, 1, ®, 1.

As this implementation is performed, it is computationally cost-effective if the rank of the tensors
appearing in the algorithms is reduced. Therefore, rank-two tensors are reduced to column vectors
and rank-four tensors are mapped onto matrices, following standard practices of FEM. Care must
be exercised in these contraction mappings when it comes to non-conventional tensors, like 0gA
in the closest point projection algorithm.
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L1.1. Loading/unloading conditions in stress space. For imposed increments of {Ag, i,
AT,.1}, it is necessary to identify whether the deformation is elastic or transforming. The transfor-
mation function can be used to identify the elastic and transformation regions, and also
the loading and unloading criteria to determine the nature of the deformation. This requires that
the direction of loading in the stress-temperature space with respect to the transformation surface
be calculated. To carry out these calculations, the transformation function defined in equation (13)
is written as follows:

®(0,7,8)=V(0,T) — k(S) (77)

where x(&) contains the transformation hardening terms associated with the martensitic volume
fraction, &. It is recalled that the first step in the return mapping algorithms is to calculate the
thermoelastic predictor, 6'*). Then for time ¢ € [t,,1,.1], we can define

Q)

O =06, ) =60 A, + 16 AS 60, + 6, s ATt — To) + pAsoTs

n+1 n+1 n+1 n+1 (78)
v, =9Y(0,,T,)=06,A,+ %O'n :AS:6,+6,: Aa(T, — To) + pAseT,

The term x(¢) is neglected in this formulation because ¢ remains the same for the converged
solution at ¢, and the thermoelastic prediction at f,,,. This is true for the transformation strain
also.

Designating ®f and @' to be transformation functions (cf. equation (13)) for the forward and
reverse directions, respectively: the following scheme is now used to determine the different loading
conditions:

if \Ilsl)l -U,>0 (determines if loading is taking place)
if @i@{ <0 (determines if elastic or transformation loading is taking place)
elastic
else

forward transformation
elseif ‘1151(21 — W, <0 (determines if unloading is taking place)

if @ﬁgﬁ <0 (determines if elastic or transformation unloading is taking place)
elastic
else
reverse transformation
elseif \Ilil(ir)l —W,=0 (determines if neutral loading is taking place)
elastic
endif.
Note that the above scheme is an implementation of the transformation consistency condition given
by
& =V(6+do,T +dT)— V(c,T)= \I/(cSl)l,TnH) —V(o,,T,)
=0,V :de + 0y ¥ dT (79)
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Figure 27. Stress—strain curve showing the end of transformation problem during return mapping

1.1.2. End of transformation. Another issue which is related to the above discussion and impor-
tant in the context of numerical simulation is the hypothesis of convex connected elastic domains
[25], which is used in proving that whenever the trial state violates the transformation consistency
condition, the step is inelastic. However, in the case of shape memory alloys, the elastic domain
is not connected as such, e.g. when the material is loaded above 4°f, it initially behaves fully
elastic and then forward transformation starts and is followed by another fully elastic response.
In Figure 27, the thermoelastic prediction originating at point A violates the transformation con-
sistency condition and the material transforms. The return mapping algorithm corrects the stress
and brings it down to point C. However, at point D, the strain increment is such that the end of
the increment at point F, the material becomes fully elastic. The application of the return mapping
algorithm will result in an erroneous solution defined by point G. Two solutions can be proposed
to rectify this situation, both of which have been successfully used by the authors.

In one solution, a simple forward Euler integration scheme is used to define this transition
from the phase transformation region to the fully elastic behavior. A flag is introduced in the
coding scheme which activates this integration routine when the phase transformation is almost
near its end. For example, in the case of forward transformation during a strain increment, if
the trial thermoelastic (prediction) state violates the transformation criteria and in the subsequent
transformation correction £>0-995, the secondary forward Euler integration scheme takes over
from the beginning of the strain increment. Further analysis is then carried out by subincrementing
the imposed strain increment into a sufficiently large number of increments. This may result in
inefficiency and loss of accuracy if the original increment size is large.

Another solution to calculate the material response for a given strain increment such as shown
in Figure 27 at point D is as follows. During the return mapping if ¢ becomes greater than
1.0, it is assumed that the material is fully elastic. In that case, the material constants and the
transformation strain are updated to the expected values at the end of the transformation ({=1) as
shown in Figure 27 and the stress is then calculated based on the updated values. Auricchio and
Sacco [25] independently proposed a similar solution to this problem for an isothermal 1-D case
by introducing another trial stress associated with complete transformation. If the first trial stress
violates the condition for the start of transformation and the second trial stress does not violate
the condition for the end of transformation, then enforcement of the consistency condition will
guarantee a computational result. Otherwise as mentioned above, the material constants and the
transformation strain are updated to the expected values at the end of the transformation and the
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stress is calculated. The only drawback in these schemes is their implementation in a full 3-D case,
where it is generally not known a priori how each component of transformation strain tensor (or
any internal state variable) evolves with the applied loading. This precludes one from knowing the
final values of these components at the end of transformation and thus updating them consistently.
Presently, the 3-D implementation is performed by updating the transformation strain-tensor-based
on the transformation tensor, A, in the last return mapping iteration before ¢ became greater
than 1-0.

L2. Derivation of consistent tangent stiffness moduli for closest point projection algorithm

Taking the total differential of the constitutive stress—strain relation in equation (41) and the
discrete flow rule in equation (42)

d6n+1 = Snjrll{dsn+l - an+1dTn+1 - d8;+1 - [AS 106py + Ad(Tn+1 - TO)]dénH} (80)

(él’l“rl - 6n)acAn+1 5d0‘n+1a 5>0

. 81
0, £<0 (81)

dafprl = An+ld£n+l + {

For forward transformation, by substituting the expression for de,, into equation (80) an algo-
rithmic relation for de,,; in terms of ds,,1, d7,.; and d&,,; is obtained, i.c.

do, 1 =&pp1 : [denyt — oy 1d Ty — 06Pyy1d ] (82)

where equation (15) is used to substitute 0s®,+; and &, is the algorithmic stiffness tensor
defined as

Eni1 :=[Sp1 + (Enp1 — En)06Anir ] (83)
On the other hand, differentiation of the discrete consistency condition yields
d® = 05D, 41 : doyy g + 7Py 1d T + 0cPyy1dE 1 =0 (84)
Now substitution of de,; into the above equation results in an expression for d¢:

a(r(pnﬂ :@@nJrl :d8n+l + (aT(I)rHl - acr@nJrl :gnJrl :anJrl)dTnJrl
O06®Ppi1 : 6yt i 06Ppin — ai(bn-&-l

dénp1 = (85)

Consequently, substitution of equation (85) into equation (82) yields the expression

Eny1 1 0Py @ Epyy 1 0Py
O6Puy1 1 Eny1 1 0Py — 0Py

de, | = {5%1 - } cde,y

O06®pi1 1 Gy Apt1 — Or P
aﬁ'(]:)rHl : @@n+1 : 8<sqj)n+1 - acf(]?nJrl

Defining the algorithmic tangent stiffness tensor, %, and the tangent thermal moduli tensors, ©,
as

+&n11: |:ac¢)n+l < ) —dn+1] AT (86)

do
L= —
de

__do

=17 (87)

n+1 n+1

and then using (86), the expressions for ¥ and ® are obtained as given in Section 3.2.4.
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